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Abstract 
As totipotent cells differentiate to specific cell types in multicellular organisms, certain sets of 
genes are turned off (gene silencing/gene extinction) while others are turned on (gene activation). 
Cell type specific gene silencing and gene activation is the basis of cell differentiation. Somatic 
cell hybrids which are produced by fusing different types of somatic cells from two different 
tissues have been used as a valuable resource to discern the phenomenon of lineage- specific gene 
extinction. Identification of regulatory factors that mediate gene extinction in hybrids are key to 
understanding regulatory mechanisms that govern cell differentiation in a multicellular organism. 
Transcription factors (TFs) have been implicated as powerful activators and/or repressors of gene 
expression in mammalian cells. In our prior work on hepatoma-specific gene extinction we used a 
hepatoma X fibroblast somatic cell hybrid model to explore liver specific gene silencing and 
confirmed that loss of hepatoma phenotype was in large part a consequence of loss of hepatoma­
specific TFs. Based on these prior findings we hypothesized that loss of fibroblast phenotype in 
somatic hybrids may be in part due to loss of fibroblast-specific TFs. Using a hepatoma X 
fibroblast somatic cell model, we subjected the parental hepatoma cells (FT02B), fibroblast cells 
(RA T-2) and somatic cell hybrids FR(2) to whole genome transcriptional microarray profiling and 
assigned a fivefold or more increase in expression of a gene as a selection criterion to identify 
fibroblast-enriched genes. We identified candidate fibroblast-specific genes from among the 
fibroblast-enriched genes by their decrease in fold expression in hybrids and validated the 
repression of the putative gene candidates (fibroblast-specific TFs like Prrxl, Snai2 and Shox2, 
signaling proteins like Bmp3, Opn, Collal and Sema3a etc.) in somatic cell hybrids using q-RT­
PCR. Our findings confirm that loss of these fibroblast-lineage specific TFs in hybrids likely 
affects fibroblast transcriptional regulatory networks (TRN's) and contributes towards the loss of 
iv 
fibroblast phenotype in somatic cell hybrids. We also report that ectopic overexpression of our 
candidate TFs Prxx 1 and Snai2 in somatic cell hybrid leads to induction of fibroblast-specific cell 
reprograming in the somatic hybrids and significant restoration of fibroblast-specific traits. Forced 
expression of Prrxl in FR(2) hybrid cells and selection of clones that had at least five fold or more 
expression of Prrxl than the parental hybrid demonstrated a significant change in expression of 
other key fibroblast associated TFs such as Shox2, c-Fos and Twistl. Individual overexpression 
of Snai2 in FR(2) hybrid cells led to a large fold increase ofTFs c-Fos, Prrxl, Twistl and Shox2. 
As a result of forced overexpression of Prrxl and Snai2 individually in somatic cell hybrids FR(2) 
the cells re-acquired a spindle-shaped morphology and more significantly an enhanced migration 
capability, which is reminiscent of parental fibroblast cells. Thus it appears that ectopic 
expression of candidate fibroblast lineage specific transcription factors in somatic cell hybrids 
contributes to significant restoration of the fibroblast phenotype. In conclusion, in this study, we 
identify fibroblast-specific target genes as well as putative fibroblast lineage-specific TF 
regulatory genes. Our findings suggest that observed gene extinction in somatic cell hybrids may 
be attributed, in large measure, to the shutdown of fibroblast regulatory networks governed by 
master lineage-specific transcriptional regulators of the fibroblast phenotype. 
v 
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Cells of a multicellular orgamsm have an identical genetic makeup, but are heterogeneous 
structurally and functionally owing to differential expression of genes .  It is  during embryonic 
development that these differences in gene expression first become apparent. The distinctiveness 
of a given cell type is  achieved through specific gene expression programs .  Cell type specific gene 
silencing is  an important aspect of gene regulation and it is  gene regulation that is the basis of cell 
differentiation. Gene regulatory factors that control the expression of genomic information are 
diverse and complex . Net resultant gene regulation is the sum total of multifactorial effects arising 
from 1 )  regulatory networks of sequence-specific transcription factors (TFs) [1] , 2)  organization 
of nucleosomes and accessibility of DNA [2] , 3) chromatin modification and the active and 
repressed states of chromatin [3] 4) promoter elements, composed of a core promoter and proximal 
regulatory elements, general transcription factors and RNA polymerase II [4] , 5) distal DNA 
regulatory elements such as enhancer sequences [5] , 6) fine tuning of regulations by non-protein 
coding RNA (ncRNAs) sequences such as long non coding RNAs (Inc RNAs), [6] micro RNAs 
(miRNAs), [7] RNA binding proteins [8] and splicing factors [9] . Cis-regulatory elements include 
promoters, enhancers, silencers and locus control regions, (LCR) while trans-regulatory 
components include TFs and micro RNAs .  The cis-acting transcriptional regulatory elements of 
target genes contain recognition sites for trans-acting regulators which function either to enhance 
or repress transcription of the specific target genes.  Moreover, successful gene 
activation/extinction of most genes, if not all genes ,  in the genome are controlled not simply by a 
single factor, but through cooperative action of the multiple factors outlined above that establish 
1 
dynamic repressive or accessible chromatin environments , and 1s the key to transcriptional 
regulation of gene expression [ 1 0]. 
A. Gene Regulatory Elements: 
1 Chromatin Assembly and Gene Regulation 
Since genes within the eukaryotic genome are compacted within the nucleus in the form of 
chromatin, the transcriptional machinery must overcome a formidable structural barrier to access 
the underlying cis-regulatory elements and coding regions . Chromosomal DNA is packaged in 
"beads-on-a-string" configuration [ 10, 1 1] which is  thought to be the predominant form of 
transcriptionally-competent chromatin. Each bead is  a nucleosome . The nucleosome core particle 
contains 1 47 base pairs of DNA wrapped 1 . 7 times around a histone octamer containing two copies 
of histones H2A, H2B, H3 and H4 [ 1 2]. Chromatin contains a repeating array of nucleosomes that 
are spaced roughly every 1 60-200 base pairs throughout the genome . The impact of nucleosomes 
on gene regulation was generally unknown until key experiments, nearly three decades ago, found 
that the presence of nucleosomes inhibited transcriptional initiation in vitro [ 1 3], indicating that 
nucleosomes are physical barriers to transcription. In addition, depletion of hi stones in the budding 
yeast Saccharomyces led to a global increase in transcription [ 1 4, 1 5] thus providing in vivo 
evidence that histones which are critical for nucleosome integrity do repress gene transcription . 
Recent advances in genome-wide mapping technologies have provided a much clearer picture of 
the genomic nucleosome landscape [1 6]. Rando and colleagues discovered that a nucleosome-free 
region (NFR) was a common feature of promoters [ 1 7]. Thus, nucleosomes are not stochastically 
dispersed along chromosomal DNA, but instead are, by design, positioned at specific distances 
from the transcription start site (TSS) so as to regulate gene transcription. 
2 
2 .  Chromatin Remodeling and Histone Modifications 
Transcription does not occur on naked DNA, but rather in the context of chromatin, providing an 
additional level of complexity to gene regulation . Chromatin is actually composed of a 
combination of DNA, proteins, (mainly histones) and some RNA. The chromatin can fold upon 
itself to compact the nucleosomes, forming a highly condensed structure, referred to as 
heterochromatin (see fig. 1 ) . In the condensed heterochromatin state promoter regions of target 
genes are largely inaccessible to the TFs, thereby inhibiting transcriptional activation and 
subsequent protein production. To initiate gene transcription the heterochromatin structure needs 
to be relaxed in a specific and controlled manner to a euchromatin state, so as to expose the 
promoter regions of particular genes that need to be transcribed in response to external cues .  The 
transition from heterochromatin to euchromatin (chromatin remodeling) is accomplished either by 
the SWI/SNF complex, which utilizes the energy of ATP to mobilize nucleosomes [ 18], or by 
adding or removing small chemical units (e .g . ,  acetyl groups,  methyl groups, ubiquitin groups etc . )  
a t  specific locations on the histones .  Acetylation, methylation, demethylation, ubiquitination and 
sumoylation are some of the dynamic post translational changes that appear and disappear on 
histone proteins within minutes of a stimulus arriving at the cell surface [ 1 9]. The core histones 
are predominantly globular except for their N-terminal "tails ," which are unstructured.  Such 
distinct modifications or chemical marks on the histone tails renders the chromatin accessible or 
inaccessible to the transcriptional machinery at a precise moment. The existence of these 
modifications led to a well-establ ished "histone code" hypothesis proposed by Strahl and Allis 
(2000) [20], which essentially states that different patterns of hi stone modifications are "read" by 
various proteins to produce an effect on gene expression [2 1 ]. These proteins have specific nuclear­
protein interacting domains which recognize particular modifications 122]. For example, 
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acetylated histones are typically recognized by the bromodomain, whereas methylated histones are 
recognized by various other domains, including the chromodomain and Plant Homo domain (PHD 
finger domain) .  Post translational histone modifications may be associated with either 
transcriptional activation or repression for example dimethylation of histone H3 at lysine 9 
(H3K9me2) at cytosine residues usually within CG dinucleotides or CNG trinucleotides generally 
opposes transcription [23] while trimethylation of histone H3 at lysine 4 (H3K4me3) is an active 
mark for transcription that renders the chromatin more accessible for gene transcription. 
Chromatin remodeling exposes the promoter 
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Figure 1. Model of chromatin on accessibility of genes for transcription, in order for a specific gene to be 
transcribed http ://www.discoveryandinnovation.com/BIOL202/notes/lecture 1 9.html 
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3 .  Enhancers and Super Enhancers 
Enhancers are regulatory DNA sequences that activate the transcription of a gene physically 
s ituated at a distant location from the promoter. Enhancers come into close proximity with target 
promoters with the looping away of intervening sequences (see Fig. 2) .  Enhancers are usually 
several hundred base pairs long and contain clusters of different 4- to 8-bp DNA sequences that 
are recognized by multiple transcription factors [24, 25]. Binding of transcription factors to 
enhancers leads to subsequent activation of transcription by recruitment of coactivators and RNA 
polymerase II .  
Super-enhancers are described as a class of regulatory regions with unusually strong enrichment 
for the binding of transcriptional coactivators, specifically mediators [26]. Super-enhancers also 
identify regulatory regions of the genome involved with increasing chromatin accessibi lity and 
transcription activating histone modifications. 
Figure 2 .  Model of chromatin folding that may underlie enhancer-promoter communication. A chromatin loop formed 
by factors bound to the enhancer (blue) and gene promoter (green) juxtaposes the distal enhancer and gene promoter 
http://www. hgu. mrc .ac .  uk/peop le/w. bi ck mo re/bi ckmore _research b. htm I 
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4.  Non Coding RNAs and Gene expression 
Noncoding RNAs (ncRNAs) are being increasingly implicated in gene regulation. Long non 
coding RNA (Lnc RN As) for example are RNA molecules of greater than 200 nucleotides in length 
that do not contain protein coding sequences .  Lnc RNAs are involved in cell differentiation 
programs through cooperation with chromatin modifying enzymes to promote epigenetic 
activation or silencing of gene expression [27] . Micro RN As (miRN As) are short non-coding RN As 
that regulate gene expression and do so post-transcriptionally. They generally bind to the 3 ' -UTR 
(untranslated region) of their target mRNAs and repress protein production by destabilizing the 
mRNA thus leading to translational silencing [28] . 
5. RNA Binding Proteins and Gene Regulation 
RNA-binding proteins are proteins that bind to ribonucleic acid (RNA) molecules forming 
ribonucleoproteins (RNPs) .  One type of RNP, hnRNPs (heteronuclear proteins) , are important in 
splicing of mRNA (messenger RNA),  polyadenylation, stabilization, localization and translation. 
Thus RNA binding regulatory proteins target the initiation step of translation thereby regulating 
gene expression [29] . 
6. Splicing Factors and Gene Regulation 
Alternative splicing generates multiple mRNA products from a single gene, thereby modifying the 
transcriptome during cell differentiation. Due to alternative splicing, the protein coding potential 
of eukaryotic genomes is expanded and it allows a s ingle gene to produce proteins with different 
properties and distinct functions [30] . 
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B. Transcription Factors and Gene Regulation 
Transcription Factors (TFs) are sequence specific DNA-binding proteins, that eventually 
facilitates recruitment of RNA polymerase thus leading to onset of transcription and regulation of 
gene expression. In any given cell ,  a set of transcription factors (TFs) is expressed and works in 
concert to govern cellular homeostasis  and function [3 1 )  (see fig. 3 ) .  The Transcriptional 
Regulatory Networks (TRNs) in somatic cells are bel ieved to be robust and act to prevent cells 
from aberrant plasticity. Recent discoveries have revealed that transcriptional regulation itself is a 
very complex process and genes are not just activated or deactivated by transcription factors . 
Transcription factors activate transcriptional regulatory networks [ l ]  that share a high level of 
connectivity in which the expression of one gene controls in tum the expression of a pool of other 
genes, thus generating cell specific subnetworks that coordinate biological functions and maintain 
cellular phenotypes .  A review of the literature shows that a large number of structurally unrelated 
transcription factors with important and diverse functions cross-talk during cell differentiation and 
transcription factors 
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Figure 3. Model of transcription factors assi sting formation of Transcription complex during gene 
transcription http : //wiki20.com/wiki/Transcription _factor 
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l ineage specification processes (32] . Lineage specific pioneer transcription factors regulate the 
expression of hundreds of target genes to determine cell fate . Thus role of TFs in regulation of 
tissue specific gene expression is  critical . 
Recent work in the cell  differentiation has revealed that somatic cells in mammals are more plastic 
than previously thought of (33] . Takahashi and Yamanaka demonstrated this notion by generating 
embryonic stem-like cel ls (or iPSC) from dermal fibroblasts after ectopic expression of TFs Oct4, 
Sox2 , Klf4 and cMyc (34, 35] . It is  again the l ineage specific TFs that plays a pivotal role in trans 
differentiation (TD) or direct cell reprogramming, a rapid and simple approach that helps direct 
conversion of one somatic cell type to another [36 ] . Recent studies have shown that defined sets 
of lineage specific transcription factors can directly reprogram differentiated somatic cells to a 
different differentiated cell  type without passing through a pluripotent state [37] . S ince this 
discovery, several laboratories have reported the generation of different somatic cells from 
differentiated cells using a combination of TFs. These discoveries include trans differentiation of 
human fibroblasts to hepatocyte-like cells (38] , direct reprogramming of pluripotent stem cells to 
cardiac cells [39] , direct conversion of mouse fibroblasts to hepatocyte-like cells [40] ,direct conversion 
of mouse fibroblasts to multi-lineage blood progenitors [41] , direct conversion of fibroblasts to 
functional neurons [42] , direct reprogramming of human neural stem cel ls by Oct4 [43] , direct 
conversion of human fibroblasts to induced serotonergic neurons [44) trans differentiation of 
mouse fibroblasts and hepatocytes to functional neurons [45] . Taken together, these studies 
underline the huge impact of lineage specific transcription factors in changing one terminally 
differentiated somatic cells type directly into a distantly related somatic cell type by shutting down 
the transcriptional regulatory network of the parental somatic cel l .  Whole genome microarray 
8 
analysis of parental cell lines and somatic cell hybrids allows us to identify the l ineage specific 
transcription factors that are critical to the maintenance of a particular cell type .  
C. Somatic Cell Hybridization 
In order to map transcriptional regulatory circuits that mediate cell differentiation and gene 
extinction, Next generation sequencing (NGS) that includes powerful techniques l ike whole 
genome microarrays [47] ,  DNA sequencing [48] , RNA sequencing [49] , chromatin profiling [50] 
and chromatin immunoprecipitation (ChIP) assays [51] are being increasingly used. Somatic cell 
hybridization technique discovered by Barski et al .  [52, 53] was among the first techniques 
employed to investigate the molecular mechanisms underlying tissue specific gene expression (see 
fig. 4). S ince spontaneous fusion of cells occurs at a very low frequency, sendai virus or 
polyethylene glycol (PEG) is used as a fusogen [54] . The initial product of fusion contains within 
a common cytoplasm two or more distinct nuclei from both parent (heterokaryon) . Only a small 
portion of these heterokaryons progress to nuclear fusion and mitosis .  The best-known media for 
selecting the hybrids include Hypoxanthine+Aminopterin+Thymidine (HAT) medium. 
Aminopterin stops the biosynthesis of purines and pyrimidines using simple sugars and amino 
acids . Hypoxanthine present in the medium is converted into guanine by the help of an enzyme 
known as hypoxanthineguaninephosphoribosyltransferase (HGPRT) while phosphorylation of 
thymidine is catalyzed by thymidine kinase (TK) . Only cells with active HGPRT and TK enzymes 
can survive and proliferate in HAT medium. To use HAT as a selective medium, the parental cells 
must be deficient in any one of these two enzymes while the somatic hybrid cells should have both 
these enzymes in active state that hence will help the hybrids survive in HAT medium. 
9 
Somatic cell hybridization may be a useful approach to understanding the molecular mechanisms 
of repression of lineage appropriate genes because the hybrid system takes into account the net 
effect of gene regulatory mechanisms of each parental cell  line and displays the activated or 
repressed states of lineage specific genes from a particular parental cel l .  No other approach at 
present can be used to s imultaneously study the net result of multiple gene regulatory mechanisms 
on a global scale without introducing genetically engineered modifications. 
Using the somatic cell hybridization technique, extinction of l ineage-specific genes has been 
studied in liver, muscle, myeloid, and pituitary cells [55] . In particular, extinction of l iver-specific 
gene expression in hepatoma X fibroblast hybrids has been extensively characterized [56 ] ,  57] (see 
fig. 5). Several important regulatory transcription factors have been identified in hepatoma cells 
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Figure 4. Flow chart showing generation of somatic cell hybrids http://wiki20.com/wiki/Transcription_factor 
D. Gene Extinction in Fibroblasts 
By comparison, much less work has been done on assessing gene regulatory networks involved in 
l ineage specific gene extinction in fibroblasts . Fibroblasts represent heterogeneous mesenchymal 
progenitor cells which are extensively found in conjunction with almost all cell types as the 
primary interstitial cell support system [61] . Besides playing a supporting role, these cells play a 
role in the structural organization, locomotion, epithelial mesenchymal transition [62] . Fibroblastic 
connective tissue, collagen, constitutes 25-35% of total protein in a normal mammalian body. It is 
known that the origin of fibroblasts typically takes place during the embryological transition from 
epithelial to mesenchymal phenotype induced by transforming growth factors (TGFs) [63] . 
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Generation of Somatic Cell Hybrids 
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Fibroblast Heterokaryon Somatic Cell Hybrid 
Figure 5. Model for generating somatic cell hybrids. Indicated cel l  types were fused using polyethylene glycol 
and hybrids (FR) selected using medium that al lows only hybrid cells to survive. 
In order to study gene si lencing, we employed the somatic cell hybridization technique to generate 
(hepatoma X fibroblast) FR(2) hybrids .  Instead of uti l izing interspecies hybrids, normally used for 
generating cell  hybrids (due to ease of distinguishing chromosomes derived from each parental 
cell) ,  we used rat hepatoma and rat fibroblast cells to generate FR(2) hybrids . This type of intra-
species hybrid has been highly characterized and proven to have a stable genotype that rarely 
demonstrates chromosome loss (unpublished observation) and makes a useful model in which to 
apply whole-genome microarray analysis  to study the phenomenon of tissue specific gene 
extinction. 
E. DNA Microarray Analysis 
The DNA microarray, a tool initially developed in � 1 987 ,  provides a high throughput data platform 
with which to analyze gene expression of most or all genes within a cell type or tissue . This 
technique provides whole gene expression profiling ( i . e .  the quantitative data of an expression 
level of thousands of genes simultaneously under different conditions) .  
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A microarray chip is constructed on a derivatized glass microscope slides by arraying PCR 
amplified cDNA clones or genes at high density. Expression sequence tags (ESTs) , which are 
single pass partial sequences of cDNA clones,  are extensively used for gene identification, gene 
discovery and mapping in human as well as other species genomes .  The cDNA clone inserts from 
cultured cells are directly embedded onto the poly lysine quoted microscopic slide. RNA from 
different sources is typically label led with fluorescent dyes such as Cy3 - or Cy5- dUTP for co­
hybridization experiments .  The microscopic slide is  then hybridized with the fluorescent labelled 
probe acquired from test and control samples (see fig. 6) .  Differential gene expression levels are 
measured by using a confocal laser scanner, capable of distinguishing signals generated between 
Cy3 and Cy5 labeled probes .  An image is generated and processed based upon the identifying and 
distinguishing arrayed genes against spurious signal , estimation of background signal and the 
background -subtracted hybridized intensities .  The generated data is normalized by adjusting the 
differences in labeling and detection efficiencies of fluorescent labels and quantity of the starting 
RNA between the assayed samples .  F inally, data is analyzed and difference in expression level is 
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Figure 6. DNA Microarray Protocol. mRNA extracted from cel ls  is reverse transcribed to single stranded cDNA 
and then tagged with fluorescent probes fol lowed by hybridization with complementary single stranded DNA in the 
array. https://nanohub.org/resources/ 1 7797/watch?resid= 1 79 1 5  
F. Project Overview and Goals 
Rather than a gene by gene analysis ,  in this study, whole genome microarray experiments were 
conducted using the RNA isolated from parental and hybrid cell lines using the Affymetrix 
GeneChip® Rat Genome 230  2 . 0  Expression Arrays (Affymetrix, Inc . ,  Santa Clara, CA) .  The 
experiment was performed in triplicate for reproducibility and viability, and tested by comparing 
against the biological replicates for each cell  line and gene variabil ity within the microarray. A 
total of 3 1 ,042 target genes were analyzed. Based upon the generated data, two criteria were 
implemented when comparing the gene expression between the parental fibroblasts, hepatoma and 
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the somatic hybrids cell line : (i) a > 5 -fold difference in averaged absolute values of gene 
expression between fibroblasts against hepatoma cell lines and hybrid cell lines and (ii) at least 
>500 units as a cut-off threshold for mean gene expression in one cell line and < 1 00 units in the 
comparison cell l ine. Applying this  cutoff criterion to whole genome microarray data sets, we first 
identified a list of fibroblast-enriched genes based on their higher fold expression in fibroblast 
compared to the hepatoma cell line, and then selected fibroblasts-specific genes based on their 
higher fold expression in fibroblasts compared to hybrids.  After selecting the fibroblast l ineage­
specific genes from among the fibroblast-enriched genes our objectives were 1 )  to confirm the 
repression of these genes in the somatic cell hybrids by q-RT-PCR and 2) to overexpress the 
l ineage specific transcription factors in the FR(2) hybrid cells and assess the impact of these re­
introduced transcription factors on the transcriptional regulatory network, morphology and 
migratory abil ity of the somatic hybrid cells .  
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Chapter 2 
Materials and Methods 
2 . 1 .  Cell lines and Culture Conditions 
The rat hepatoma cell line FT02B is an ouabain-resistant, thymidine kinase TK-deficient H4IIEC3 
derived c lone [64] . RAT-2 is  a SV40-transfonned rat embryo fibroblast cell  line [65 ] .  FR(2) is a 
hybrid cell line generated by the fusion of FT02B and RA T-2 cells .  All cell  lines were maintained 
in 1 : 1  Ham's  F l 2/Dulbecco ' s  modified Eagle ' s  medium (DMEM) containing 7% fetal bovine 
serum (FBS) (GIBCO BRL) and 5µg/ 1 00 ml penicil l in-streptomycin (GIBCO) at 3 7°C in a humid, 
water-j acketed 5% C02 incubator. 
2.2 .  Generation of Hepa to ma X Fibroblast Hybrids 
FT02B cells were plated with RA T-2 cells ( 1 06 of each cell type) . After 24 hours, the mixed cell 
monolayers were fused to create the FR(2) hybrid cell l ine using 50% polyethylene glycol (50% 
w/v) for 1 minute . The following day, cells were split 1 :20 into medium containing 3mM Ouabain 
and Hypoxanthine-Aminopterin-Thymidine (HAT) medium to select against parental fibroblast 
and hepatoma cells ,  respectively. As expected, after 2-3 weeks no parental cells survived the 
selection strategy, but numerous surviving cells were observed, pooled (> 1 00 clones/pool) and 
expanded in Hypoxanthine-Aminopterin-Thymidine (HAT) medium, that were ostensibly hybrid 
cells and had survived because of their being both ouabain-resistant as well as having functionally  
active thymidine kinase enzyme. Al l  cell l ines were maintained in  1 : 1  Ham' s  F l 2/Dulbecco ' s  
modified eagle ' s  medium (DMEM) containing 5% fetal bovine serum (FBS) (GIBCO BRL) and 
5µg/ 1 00 ml penicil l in-streptomycin (GIBCO) at 3 7°C in a humid water-j acketed 5% C02 
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incubator. 70% confluence in the mono layer of cells was achieved. Chromosome spreads and RNA 
isolation were carried out for each cell line . 
2 .3 .  Chromosome Spreads 
To analyze cell  hybrids for complete karyotypes, sub-confluent cell monolayers were exposed to 
0 .05µM colcemid (a mitosis inhibitor) for 40 min and cells harvested . Cells were incubated in 
0 .075 M KCl for 1 0  min and then treated with methanol/acetic acid (3 : 1 ) .  Cells were dropped onto 
cold, wet slides then the slides stained with crystal violet and scored for chromosome numbers per 
spread for 1 0- 1 5  spreads . To confirm that no parental cells had survived the selection strategy, 
surviving cells in HAT medium were pooled and tested to find out whether these presumed FR(2) 
hybrid cells were indeed true hybrids by determining the number of chromosomes present in the 
cel ls .  Metaphase chromosome spreads of each parental cell line and the somatic cell hybrids were 
prepared and the chromosomes were quantitated. 
2 .4.  RNA Extraction 
RNA was extracted from 70-80% confluent monolayers using a Qiagen RNeasy Mini Kit (Cat 
#74 1 04) following the manufacturers protocol with the addition of a DNAse I (Cat #79254) 
digestion step, as per protocol . Approximately 107 cel ls were Iysed with RLT buffer, samples spun 
through a Qiagen column shredder to ensure homogenization, and RNA collected on an RNA Easy 
column. Samples were washed with wash buffers supplied in the kit and then digested with DNase 
I for 1 5  minutes at room temperature . RNA was further washed with wash buffers supplied in the 
kit and then eluted. RNA purity and concentration was determined using an Epoch Nano-drop 
spectrophotometer at 260 and 280 nm. 
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2.5 .  cDNA Synthesis 
RNA extracts derived from 70-80% confluent RAT-2 and FR(2) cells were reverse transcribed 
into cDNA using Superscript III reverse transcriptase (First-Strand cDNA Synthesis Kit for Real­
Time PCR, USA) using the Bio-Rad Thermal Cycler. The first step was carried out at 25° C for 
I 0 min, followed by a second step at 37 °  C for 2 hrs, a third step at 85° C for 5 min and finally, a 
fourth step at 4° C for infinity. cDNA purity and concentration was determined using an Epoch 
Nano-drop spectrophotometer at 260 and 280 nm and used for q-RT-PCR. 
2 .6.  Microarray Analysis 
Following RNA extraction, RNA samples from all cell lines were sent to the W.M.  Keck Center 
for Comparative and Functional Genomics in the Roy J. Carver Biotechnology Center at the 
University of I l l inois in Urbana-Champaign for Microarray Analysis .  RNA was hybridized to 
Affymetrix GeneChip® Rat Genome 230  2 .0  Expression Arrays (Affymetrix ,  Inc . ,  Santa Clara, 
CA) utilizing the GeneChip (Expression 3 '  Amplification One-Cycle Target Labeling and Control 
Reagents kit according to the manufacturer' s instructions) .  The chips were scanned with a 
GeneChip Scanner model 3000 7G Plus . Files of the fluorescence signals were generated, quality 
control values checked, and data files transferred to the B ioinfonnatics unit for statistical analysis .  
2.7 .  Signal Variability between Replicate Samples 
The degree of variabi l ity within the microarrays was assessed by plotting raw signal strength for 
each of the �3 1 ,042 targets obtained in each array between the replicate samples .  Results show a 
strong correlation between the replicate sources for each of the cell l ines (FT02B, RA T-2, and 
FR(2) ,  with correlation coefficients calculated to be 0 .98 ,  0 .98 ,  0 .99 respectively (fig. 8) .  Using 
best fit correlation analysis ,  slopes of the FT02B, RA T-2 and FR(2) replicate line plots were found 
to be approximately equal to 1 ,  indicating the consistency between the data points of the replicates .  
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2 .8. Data Processing 
Expression data for a total of 3 1 ,042 target DNA sequences of each replicate for each cell l ine was 
averaged. The data set was sorted and filtered, using >500 units as a cut-off threshold for mean 
gene expression in one cell line and < 1 00 units in the comparison cell line . This value was 
considerably higher than the threshold values considered absent or present by Affymetrix 
(normally between 60- 1 1 0  units ,  specific for each target sequence) . The criteria for differential 
gene expression between RA T-2, FT02B cell lines or FR(2) hybrids was a > 5 fold difference in 
averaged absolute values .  By applying both strategies 1 )  the 500 unit cut-off threshold for mean 
gene expression and 2)  > 5 fold difference in average absolute values, a large number of apparent 
tissue-specific genes (false positives) were removed from the data set. 
2 .9. q-RT-PCR 
q-RT-PCR assays were performed in triplicate for each candidate gene with reaction mixture, 
totaling 20µ1  and containing 1 0µ1 2x SYBR Green (Life Technologies, USA), 500 nM of each 
primer, and cDNA derived from l OOOng RNA. All the cDNA samples were quantitated and diluted 
to concentration (5 ng/µl ) .  A final volume of 20 µI of reaction mixture contained 2 µl  of cDNA 
template (5 ng/µl) ,  6 .75  µl of sterile nuclease free water, 1 0  µl of Fast SYBR® Green Master Mix 
(Life Technologies, USA) and 1 .25  µl of gene specific primer (0 . 5  µM from IDTDNA) . The first 
step was carried out at 95°  C for 3s ,  followed by extension/annealing step at 5° C above melting 
temperature (Tm) for 30 sec. A final melt curve step was performed at 95°  C for 1 5 s down to 60° 
C for 60s and a final step at 95°  C for 1 5 s .  The control for RT-qPCR contained 8 . 75  µl of sterile 
nuclease free water, 1 0  µl of Fast SYBR® Green Master Mix (Applied Biosystem) and 1 .25  µ l  of 
gene specific primer (0 .5  µM) ( IDTDNA) . The l ist of primers used for genes and their Tm is given 
below (Table 1 ). The cDNA qual ity was tested against the reference gene GAPDH.  Duplicate 
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assay was performed for each cell l ine and the reaction was repeated three times .  Raw threshold 
(Ct) value was averaged after the amplification for each cell  l ine .  The amplified target genes in 
each cell l ine were normalized to the respective GAPDH Ct-value, generating a delta-Ct value 
(L'lCt) . Fold differences in gene expression were determined with a delta delta-Ct (L'li'lCt) 
calculation. The L'lCt of the control cell l ine was subtracted from the test fl Ct value, generating a 
L'ltlCt value . Using a log base 2 scale, the calculated difference was placed into the L'li'lCt equation : 
2(L1Ct (sample -experimental) - (L'lCt Control) .  Standard deviation (SD) and P-value of L'ltlCT in 
three biological replicates was calculated using a threshold to select significant transcriptional 
regulation edges .  
2 . 1 0. Overexpression of Candidate Genes (Prrx l and Snai2) in the FR(2) Hybrids 
Plasmid-based expression vectors containing candidate genes (purchased from Origene, Inc . )  were 
introduced into the hybrid cell line FR(2) by lipofection. Semi-confluent cell plates were used for 
the transfection of candidate genes .  DMEM (0 . 5  ml) media without penici l l in and streptomycin 
was added to a microcentrifuge tube .  DNA ( 1  µg/ 1  µl) along with 5 µl Lipofectamine Plus reagent 
(Invitrogen, Inc . )  was added and mixed gently for five minutes at room temperature . Then, 5 µl of 
Lipofectamine LTX reagent was added and mixed gently by pipetting and incubated with freshly 
plated FR(2) cells in 6-well dishes for 30 min at room temperature . Media on cell plates was 
removed by pipetting. The transfection mixture prepared in the microfuge tubes were added in the 
wells  of the p lates and incubated at 3 7° C in 5% C02 incubator for 6 - 8 h, rocking periodically. 
After 6 - 8h, medium was replaced with DMEM containing 1 0% fetal bovine serum plus penicil l in 
and streptomycin and incubated for 2 days at 3 7°  C in 5% C02 incubator changing media after 1 8-
24 hrs . For stable transfection, cells were split 1 :  1 0  into complete medium containing 500 µg/ml 
G4 1 8  and incubated for 2-3 weeks . After 2-3 weeks, G4 1 8  resistant c lones were pooled ( 1 0-50 
20 
clones per pool), expanded, and RNA extracted as described above . RNA was reverse transcribed 
into cDNA for use in qRT-PCR. The clones which gave >5 fold expression of candidate genes 
were selected for further analys is .  
2 . 1 1 .  Cell Migration Assay of FR and FR Clones Overexpressing Prrxl and Snai2 
In the trans-well cell migration assay, 24-well cell migration assay from Trevigen (Catalog# 3465-
024-K) were used.  FR(2) hybrid cells ,  Snai2 and Prrx l overexpressed FR(2) clones were re­
suspended at the concentration of 1 x 1 06 cells/ml in the migration buffer consisting of DMEM 
medium and 0 . 1 % BSA without serum. Conditioned DMEM media containing 1 0% fetal bovine 
serum was used as the chemo-attractant. 1 00 µ l  of cells was added on top of the transwell 
membrane in the upper chamber and 600 µl  of FBS containing (chemo-attractant) DMEM media 
was added to the lower chamber. The same volume of DMEM media without serum was added to 
the control wells as a negative control .  The cells were incubated at 37 °C in C02 incubator for 30h.  
After incubation, the media in the top chamber was carefully aspirated without puncturing the 
membrane, and each well was washed with 1 00µ1  of warm (37  °C) l X  Wash Buffer provided in 
the kit . The bottom chamber was aspirated and washed twice with 500 µI warm (37°C) l X  Wash 
Buffer. Next 1 2  µI of Calcein AM solution (suppl ied in the kit) was added to 1 2  mL of l X  Cell 
Dissociation Solution (provided in the kit) . 500 µI of Cell Dissociation Solution/Calcein AM was 
added to the bottom chamber of each wel l .  The chambers were reassembled and incubated at 
3 7°C in a C02 incubator for I h.  The chambers were next disassembled by removing the inserts, 
and the assay chamber solutions at the bottom were read using a Biotek Synergy HT plate reader 
at 485 nm excitation, 520 nm emission. The experimental data, in terms of relative fluorescence 
units (RFU) was converted into cell numbers to determine the number of cells that have migrated.  
2 1  
2 . 12 .  Immunofluorescence Assay of Prrx l Overexpressing FR(2) Clones 
Prrx I overexpressing FR(2) clones were plated onto coverslips placed in a 1 2  well flask and 
incubated overnight at 3 7°C in a 5% C02 incubator. The cells were fixed I day after for I O  minutes 
in 2% w/v paraformaldehyde. The cells were then permeabilized in PBSX (PBS+0.05% Triton X-
1 00) twice for 5 minutes. The cells were next blocked in PBSX containing 1 % (w/v) donkey serum 
for 2 hours . Coverslips were incubated overnight at 4°C in a humid chamber with appropriate 
monoclonal primary antibody. [Prrx I ,  Novus Biologicals] used at concentrations of 5 µg/ml), The 
primary antibody was diluted I :  I 00 in PBSX containing 5% BSA. After primary antibody 
incubation, the cells were washed twice with PBSX, and incubated for another 1 hour in dark with 
the Alexafluor -conjugated donkey anti-mouse secondary antibody (diluted 1 :  1 00 in PBSX 
containing 1 % donkey serum) . Coverslips containing the cel ls were then incubated for 1 0  minutes 
in dark at room temperature with working solution of 4 ',6-diamidino-2-phenylindole (DAPI) ( 1  
µg/mL), washed twice with D I  water to remove residual salts. Using forceps, the coverslips were 
placed, cell  side-down, on top of the drop of Prolong Antifade gold mounting media (Life 
Technologies) .  Care was taken to remove any bubbles between the slide and coverslip .  The 
coverslips was sealed with nail polish to prevent drying and movement under microscope .  The 
images were collected on a fluorescence microscope (Leica DMIL LED) using 20X magnification. 
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Table 1 .  Primers used in q-RT-PCR, (primers sequences, melting temperature and annealing 
temperature) 
Annealing 
Primer Primer Sequence Tm temperature 
(oC) (oC) 
Prrx l F- 5 'GAACCGAAGCTGGGAGAAA3 ' 63 63 
R- 5 'AGGAGAGAGAGAGAGAGAGA 3 '  60 
Snai2 F- 5 '  GCAGACCCA CTCTGA TGTAAAG3 ' 6 1  63 
R- 5' CAGCCAGACTCCTCATGTTTA T 3 '  60 
Shox2 F- 5' CTGAAGGA TCGCAAAGAGGA TG 3 '  62 62 
R- 5 '  CGTTGAGTTGTTCCAGGGTAAA 3 '  6 1  
c-Fos F-5 ' CCTGGTGCATTACAGAGAGAA 3 '  60 63 
R-5 '  GTGTGTTTCACGCACAGATAAG 3 '  60 
Twist F-5 ' TCGCTGAACGAGGCATTT 3 '  60 63 
R-5 ' GCCAGTTTGAGGGTCTGAAT 3 '  60 
Sema3a F- 5' GGGACGAGACTTTGCTATCTTC 3 '  6 1  64 
R-5 ' GA TGGGCACTGA TGAATCT AGG 3 '  6 1  
Sp p l  F - 5 '  CAGCCAAGGACCAACTACAA 3 '  60 63 
R-5 ' TGCCAAACTCAGCCACTT 3 '  60 
Bmp3 F-5 ' CTAGAGGCT AGAGGGAGAACTT3 ' 6 1  64 
R-5 ' GACAGAGAGACAGAGACAGAGA 3 '  6 1  
Coll a l  F-5 'AGG TGC TAT TTA ACA AGG GAG AA- 3 '  54  56  




The goal of this study was to identify fibroblast-l ineage specific transcription factors (TFs) that 
were repressed in somatic cell hybrids but active in parental fibroblasts and determine the impact 
of these TFs, when re-expressed in hybrid cells ,  in restoring fibroblast transcriptional regulatory 
program in hybrids. Somatic Cell hybrids FR(2) cells were generated by polyethylene glycol­
mediated fusion of FT02B cell and RAT-2 cel l  followed by selection against the hepatoma parent 
using Hypoxanthine-Aminopterin-Thymidine (HAT) and the fibroblast parent using Ouabain. 
Hybrid status of the resultant cell line was verified using chromosome analysis .  The integrity and 
quality of the RNA extracted from each cell line was verified using gel electrophoresis and 
spectrophotometry respectively. Whole genome enrichment analysis of the fibroblast, hepatoma 
and the (hepatoma x fibroblast) somatic hybrid cell l ines helped us generate a cell -type enriched 
gene list .  First we short l isted 2554 fibroblast-enriched genes by selecting genes that were 
expressed by >5 fold in the RA T-2 (fibroblast) cell line than in the hepatoma cell line (FT02B) .  
Next we applied a second screen to the pool of fibroblast-enriched genes in order to identify 
fibroblast-specific genes from among them. This was done, by comparing the fold expression of 
fibroblast-enriched genes in the fibroblasts and FR(2) hybrid cells .  We selected those fibroblast­
enriched genes that were repressed in hybrids by > 5 fold expression in order to narrow down the 
selection of fibroblast-specific genes .  Using the above approach, 567 fibroblast-specific genes 
were found to be repressed in the hybrid cell line. We identified Prrx 1 ,  Shox2 , Snai2 , c-Fos, Twist 
etc . as fibroblast lineage specific TFs using this method and subsequently validated their 
expression using q-RT-PCR. Other genes identified, that were fibroblast-specific included 
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Sema3a, Spp l ,  Bmp, Col l a l  etc . We selected two of the identified fibroblast-specific TFs for 
further analysis based on highest fold repression in hybrids in the microarray data. The identified 
fibroblast-specific TFs, Prrx 1 and Snai2 , were overexpressed individually in hybrid cells and their 
impact on restoration of fibroblast phenotype (as proven by their acquirement of a more spindle­
shaped morphology and their enhanced migration capability) and fibroblast-specific 
transcriptional regulatory network was analyzed. 
3 . 1 .  Chromosome Analysis of the Hybrid cells 
In order to evaluate whether the clonally selected FR(2) cells were true hybrids, the number of 
chromosomes present in the cells was determined. Metaphase chromosome spreads of each 
parental cell  line and the somatic cell hybrids were prepared and chromosomes quantitated. It was 
observed that the parental cells averaged 44 chromosomes and the hybrid cells averaged 87 
chromosomes (fig.7 ) .  Thus, the hybrid cel l s  appear to contain the full complement of 
chromosomes from both parents (table 2) .  Our results were consistent with previous karyotype 
analysis of cell hybrids [64] . 
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Figure 7. Chromosome spreads of FT02B cells and RA T-2 cells FR(2) hybrid cells. FR (2)  cel ls  were generated 
by polyethylene glycol -mediated fusion of FT028 cel l  and RA T-2 cel l  followed by selection against hepatoma parent 
using H ypoxanthine-Aminopterin-Thymidine ( H AT) and fibroblast parent using Ouabain.  Cel l s  were arrested at 
metaphase using colcemid, treated with hypotonic KCI,  fixed using a solution of 3 :  I Methanol/ Acetic acid dropped 
onto slides. S lides were stained with crystal violet and methanol ,  and observed at 400X. Digital images were taken 
and chromosome numbers were counted. 
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Table 2 .  Number of chromosomes in chromosome spreads of the FT02B, RAT-2, and FR(2) 
cells. The modal chromosome number is 44 in both FT02B and RA T-2 parental cells and 88 in 
FR(2) somatic hybrid cel ls .  
Cel l  l ines  # of ch ro mosome s  C e l l  l i n e s  # of ch ro mo s o me s  C e l l  l i n e s  # of c h ro m o s o me s  
FT02B- 1 44 RAT 1 - 1  44 F R2 - 1  84 
FT02B-2 4 3  RAT 1 -2 44 F R2 -2 8 7  
FT02B-3 3 7  RAT 1 -3 44 FR2-3 88 
FT02B-4 4 1  RAT 1 -4 42 F R2 -4 8 8  
FT02B-5 4 5  RAT 1 -5 44 F R2 -5 8 8  
FT02B-6 42 RAT 1 -6 4 3  F R2 -6 8 8  
FT02B-7 44 RAT 1 -7 4 1 FR2-7 8 9  
FT02B-8 44 RAT 1 -8 4 3  F R2-8 89 
FT02B-9 4 1  RAT 1 -9 44 F R2-9 90  
FT02B- 1 0  4 5  RAT 1 - 1 0  44 F R2- 1 0  90  
FT02B- 1 1  4 6 RAT 1 - 1 1 44 F R2 - 1 1  8 9  
FT02B- 1 2  4 6 RAT 1 - 1 2  44 F R2- 1 2  92 
Mode 44 Mode 44 M ode 88  
3.2.  Integrity of RNA Samples used for Microarray Analysis 
The integrity and purity of the RNA, isolated from 70-80% confluent monolayers of true cell 
hybrids was determined by spectrophotometric techniques .  All samples showed a 260/280 ratio of 
> 1 . 8 (data not shown), indicative of high RNA purity. 
3.3.  Signal Variability between Replicate Samples 
Of the panel of over 50  control genes included in the analysis, including several endogenous genes 
and spiked samples, variation in signal strength for each control gene was less than 2 -fold in all 
samples,  including signals from housekeeping genes �-actin and GAPDH.  Analysis of the entire 
genome showed a significant number of genes with >2 fold differences in duplicate experiments 
using the same cell line, including 1 %-4% of approximately 1 4,000 expressed genes (signal 
strength of > 1 00 units) (fig. 8) .  However, genes showing >5 fold differences between replicates 
were minimal, with only 4 to 1 2  genes represented in any of the duplicate comparisons (fig. 8). As 
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it i s  those genes that exhibit a greater than 5 -fold difference in expression levels between cell  types 
that were the focus of this analysis of gene silencing, these results suggest a very low number of 
false positives that could interfere with the analysis .  
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Figure 8. Reproducibility of the microarray analysis. (A)  Comparison of scatter plot data between repl icate samples 
for FT028 ,  RA T-2 and FR(2)  cel ls  whole genome data. Chip-to-chip variation i s  minimal in dupl icate experiments, 
with very l ittle  scatter i n  the top right quadrant, representing genes expressed at greater than I OOUnits.  S lanted l ines 
emanating from the center line represent 2 - , 3 -, 5 - and I 0 fold differences in signal values between the repl icates .  (B)  
Chip-to chip  variation within a cel l  l ine is  less  than 3 -fold i n  al l  but approximately 1 00 genes,  and less than 5 -fold in 
a l l  but a few (between 4 and 1 2  genes) FT02B=hepatoma;RA T 1 =rat fibroblasts, F R=hepatoma X fibroblast hybrids.  
Expression Fibroblast (RAT-2) Hepatoma (FT02B) Somatic Hybrid FR(2) 
>500 u n its  8733 (=2 8 . 1 3%) 8599 (=27 .70%) 8687 (=27 .98%) 
< 500 u n its 2 2309 2 2443 2 2 3 5 5  
Table 3 .  Number of  genes expressed in  each cell line (500 units i s  assigned as the  threshold 
level for gene expression) 
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3.4. Differential Gene Expression in Hepatoma, Fibroblasts and Hybrids 
Whole genome microarray analysis of all three cell lines fibroblasts (RA T- 1 ), hepatoma (FT02B) 
and somatic hybrids FR(2) was carried out and gene expression data produced by the Affymetrix 
Gene Chip® Rat Genome 230 2 .0  Expression Arrays (Affymetrix, Inc . ,  Santa Clara, CA) . 
Expression data for a total of 3 1 ,042 target DNA sequences of each replicate for each cell line was 
averaged. Of the total number of targets in the whole genome microarray, 8733  genes showed an 
expression level greater than 500 units in fibroblast (RA T-2) cell line . The number of genes 
expressed in each cell line is shown in (table 3 ) .  Of these 8733 genes expressed in fibroblast cell 
line (RAT-2), 6882 genes were also expressed in hepatoma cell line (FT02B) and 7669 in the 
hybrid cell  line FR(2) .  
3.5. Gene Expression Overview: Identification o f  Fibroblast-enriched and Fibroblast­
Specific Genes 
Identification of fibroblast-enriched genes by analysis of microarray of the entire rat genome was 
the first step towards examining fibroblast-specific gene expression. During analysis of the genes 
that contribute to the fibroblast phenotype during cellular differentiation, the functions of the 
fibroblast-specific genes were identified using the NCBI Entrez website and categorized. 
However, genes of unknown significance or functions included 96 expressed sequence tags 
(ESTs) . In order to infer gene regulatory interactions in fibroblast cells we first identified 
fibroblast-enriched genes by comparing the expression level of the genes in the fibroblast 
(RAT-2) cell line with the gene expression profiles measured in the hepatoma cell line (FT02B) 
and taking the ratio of gene expression of RA T-2/FT02B .  A five-fold difference and expression 
level of 500 units or more was assigned as the cut off threshold level for gene expression. By this 
approach, 2554 genes were identified as showing higher expression level in fibroblasts (RA T-2) 
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than in hepatoma (FT02B) (fig. 9) .  These genes were categorized as fibroblast-enriched genes and 
were used for further analysis of tissue-specific gene expression in fibroblasts .  In order to select 
fibroblast-specific genes ,  we looked at the fibroblast-enriched genes that were repressed at least 
fivefold or more in the FR(2) hybrid cell line, generating 567 hits. 
H - F  H Y B R I D  
H E PATOMA 
H E PATO MA 
H epatoma-specific 
genes 
H-F H Y B R I D F I B ROBLAST 
F I B RO B LAST 
Fibroblast­
e n riched 
Fibroblast-specific 
genes 
H-F  H YB R I D  
Figure 9.  Gene expression overview in hepatoma, fibroblast a n d  hybrids. 2 5 5 4  genes were identified 
as showing higher expression level in fibroblasts and considered as fibroblasts specific .  2246 genes were 
identified as showing higher expression level in hepatoma and considered as hepatoma enriched. 
Of the total 2554 fibroblast-enriched genes (fig. I 0), 1 063 genes showed 5- 1 0  fold more expression 
in fibroblasts than in the hepatoma cell  lines, 1 1 67 genes showed 1 0- 1 00 fold more expression in 
fibroblasts cell lines than in the hepatoma cell lines, and 324 genes showed > 1 00 fold expression 
in fibroblasts than in the hepatoma cell lines .  Microarray analysis revealed that 567 genes (22 .60%) 
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out of total 2554 fibroblast-enriched genes are repressed in somatic hybrid cell line by at least 5 
fold or more . Of these 567 genes ,  4 1 0  genes are repressed in somatic hybrids by 5 - 1 0  fold and 1 57 
genes by greater than 1 0  fold (fig. 1 1  ) .  From among the fibroblast-specific genes identified, 
fibroblast l ineage specific transcription factors that were repressed in somatic cell hybrids are 
represented in table 4. Other fibroblast-specific target genes that are repressed in the somatic 
hybrids are l isted in table 5 .  Transcription factors that have putative regulatory role in fibroblast 
differentiation include Prrx l /Pmx, S lug/Snai2 , Shox2 , cFos, Twist l ,  Hox-d l O, Msx l etc . Other 
fibroblast-specific genes that are repressed in the somatic hybrids include Sema3a, Edg2 , (cell 








Fo ld  c h a n ges i n  gene ex p ress i o n  betwee n 
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Figure 1 0. Analysis of fold expression of fibroblast enriched genes : By comparing fold expression of genes in 
fibroblasts and hepatoma, fibroblast enriched genes were identi fied and the increase in  fold expression of fibroblast­
enriched genes are shown. 
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F o l d  c h a n ges i n  gene express i o n  between 
F i b ro b l a st and So m a t i c  H yb r i d s  
tota l 5-lO fold >10 fo l d  
Figure 1 1. Analysis of fold expression of fibroblast-specific genes : B y  comparing fold expression of fibrobl ast 
enriched genes in fibroblasts and hybrids, fold expression of fibroblast-specific genes were identi fied and the i ncrease 
in  fold expression of fibroblast-specific genes are shown. 
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Table 4. Fibroblast-enriched TFs (Microarray Data) 
Name of Gene Function of Gene RAT-2/FT02B RAT2/FR 
P r r x l  T r a  n s c r i  p t i  o n  Fa ctor 304 .70 1 9 . 1 2  
Sna i 2 (S l ug) Tra n s c r i pti o n  Fa ctor 1 5 9 .46 2 3 .68 
Shox2 Tra nscr i  pt i  o n  Fa cto r 7 1 .9 3  5 .74 
Twi s t  Tra n s c r i pti o n  Fa ctor 2 6 1 .02  4 .63  
c-Fos Tra n s c r i pti o n  fa ctor 9 8 . 0 1  2 . 6 1  
Hoxd lO Tra n s c r i pti o n  fa ctor 4 2 . 2 1  3 .69  
Msxl  Tra n s c r i pti o n  fa cto r 2 7 . 2 2  1 4 . 6 3  
l dx l  Tra n s c r i pti on Fa ctor 1 2 2 .8 6  3 . 7 1  
P u r  1 Tra n s c r i pti o n  fa cto r 3 6 .0 6  9 . 2 5  
Ebf 1 Tra n s c r i pti o n  fa ctor 1 4 . 3 6  7 . 7 6  
J u n  Tra n s c r i pti o n  fa cto r  2 6 .5 4  2 .59  
Table 5.  Fibroblast-enriched target genes (Microarray Data) 
Name of Gene Function of Gene RAT·2/FT02B RAT2/FR 
S e m a 3 A  Cel l S i g n a l i ng 2 0 2 . 9 2  7 3 . 1 9  
O p n/S p p l  Cel l  Differentiat i o n  599 .01  4 . 7 8  
B m p 3  Cel l Differe n t i at i o n  3 5 . 7 7  1 0 . 1 8  
Struct u ra l  
Col l a l  
Orga n izat ion 
635 .46 7 .7 4  
E d g l  Cel l S ig n a l i ng 1 2 . 2 1  471 .09 
Struct u ra l  
F b n 2  
O rga n izat ion 
24 .6 1  44.94 
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3.6.  q-RT-PCR Analysis 
The fold repression of the putative regulators of fibroblast-specificity, fibroblast lineage 
specific transcription factors and their downstream targets detected on microarray analysis were 
validated using qRT-PCR (Quantitative Real Time Polymerase Chain Reaction) . Among the 
fibroblast lineage-specific candidate transcription factors, fold expression of TFs (Prrx 1 ,  Shox2, 
Snai2 ,  cFos, Twist l )  and other fibroblast-specific TGs (Opn/Spp l ,  Sema3a, Col l a l ,  Bmp3)  was 
validated using q-RT-PCR (fig. 1 2  & 1 3 ) .  
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Figure 1 2 . Decrease in fold expression of fibroblast-specific TFs in somatic cell  hybrids as measured by q-RT­
PCR. Prrx 1 i s  decreased i n  FR(2) hybrids by -5 fold, Shox2 is  repressed by -3 fold, Snai2 by-2 fold, c -Fos by -6 







Fo ld  rep ress i o n  of F i b ro b la st spec if ic  Ta rget 
genes i n  somat ic  hybr ids  
Spp l  Sema3a C o l l  a l  Bmp3 
Figure 13. Decrease in  fold expression of fibroblast-specific non-TFs in somatic cell hybrids as measured by q­
RT-PCR. Spp 1 /0pn is  repressed in the hybrids by - 1 8  fold, Sema3 a by-7 fold, Col I a I by -2 fold and B mp3 by-2 
fold.  
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3.7. Overexpression of Prrx l and Snai2 in FR(2) Hybrids, Clonal Selection, and Analysis of 
Gene Expression by q-RT-PCR 
Prrx l and Snai2 overexpressed FR(2) clones were assessed for any fold changes in expression of 
other putative regulatory gene candidates .  q-RT-PCR data of FR(2) hybrids clones in which Prrx l 
was overexpressed by � 1 5  fold (fig. l 4a & l 4b) showed a significant increase in fold expression 
of other fibroblast-specific TFs ( � 14 fold increase in Shox2 , �6 fold increase in Snai2 , �24 fold 
increase in c-Fos, � 1 9  fold increase in Twist) . Other fibroblast-specific downstream targets that 
were upregulated include Bmp3 ( � 1 Ofold), Spp l ( �9 fold) and Sema3a ( �5 fold) . Overexpression 
of Snai2 in FR(2) (as determined by q-RT-PCR) by � 1 1 fold ( fig. 1 5 a & 1 5b) showed a significant 
increase in fold expression of other fibroblast-specific TFs ( � 1 5  fold increase in Shox2 , � 1 6  fold 
increase in Prrx l ,  �2 1 fold increase in c-Fos, � 1 2  fold increase in Twist) . Other fibroblast-specific 
downstream targets that were upregulated include Bmp3 ( � 1 1  fold), Spp 1 ( �6 fold) and Sema3a 
(� 1 3  fold) .  
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Prrx l Shox2 Sna i 2  c -Fos Twist 
Figure 1 4.a. Effect of �1 5 fold Prrx l overexpression in FR(2) hybrids on other fibroblast-specific TFs, such as 
Shox2, Snai2,  cFos and Twist. Shox2 i s  increased by- 1 5  fold, Snai2 i s  i ncreased by-6 fold, c -Fos i s  increased by 
-24 fold and Twist by - 1 9  fold.  
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Effect of P rrx l ove rexp ress i o n  o n  F i b ro b l a st 
s pec if ic  Ta rget genes  
S pp l  Sema 3a Col l a l  B m p 3 
Figure 1 4.b. Effect of -1 5 fold Prrx l overexpression in F R(2) hybrids on other fibroblast-specific genes such as 
Spp l ,  Sema3a, Coll a l  and Bmp3. Serna3 a i s  increased by -5 fold,  Spp I i s  increased by-9 fold, Col I a l  i s  increased 
by -8 fold and Bmp3 i s  increased by- I 0 fold .  
Effect of S n a i 2  ove rex p ress i o n  on other  TFs 
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Prrx l S hox2 Sna i 2  c - Fos Twist 
Figure 1 5.a.  Effect of - 1 1 fold Snai2 overexpression in F R(2) hybrids on other fibroblast-specific TFs, such as 
Shox2, Snai2, cFos and Twist. Prrx I i s  increased by- 1 6  fold, Shox2 is  increased by- 1 5  fold, c -Fos is  increased by 
-2 1 fold and Twist by - I 2 fold .  
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Effect of S n a i 2  overexp ress i o n  o n  F i b ro b l a st 
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Spp l  Sema3a Col l a l  Bmp3 
Figure 1 5.b. Effect of - 1 1  fold Snai2 overexpression in FR(2) hybrids on  other fibroblast-specific genes such as 
Spp 1, Sema3a, Coll al and Bmp3. Sema3 a i s  increased by - 1 3  fold, Spp I is  i ncreased by-6 fold, Col l a I is  increased 
by- 1 2  fold and B mp 3  i s  increased by- 1 1 fold.  
3.8. Overexpression of Prrxl and Snai2 in FR(2) Hybrids, Clonal Selection, and Analysis of 
Change in Morphology 
Among the fibroblast-specific candidate genes identified that have putative roles in the 
maintenance of the fibroblast phenotype, transcription factors Prrx l and Snai2 were overexpressed 
individually in the FR(2) hybrid cell line following lipofectamine transfection and clonal 
selection. The FR(2) clones were assessed for the overexpression of the target genes and only the 
clones which showed > 5 fold overexpression of the target genes (Prrx l or Snai2) were selected 
for further analysis .  The Prrx l /Snai2 overexpressed FR(2) clones were expanded and their 
photomicrograph taken and compared with the parental hybrid FR(2) cells (fig. 1 6 , 1 7) .  
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Photomicrograph demonstrate a change in morphology between the overexpressed clones and their 
parental hybrid FR(2) .  FR(2) clones that had individually overexpressed Prrx l and Snai2 had a 
spindle-shaped morphology which more closely resembled the parental fibroblast (RA T-2) cell .  
3.9.  Cell Migration 
Migration is a key property of live cells and is critical for normal development, immune response, 
and disease processes .  The migration process is coordinated among several different cell types 
" 
Figure 1 6. Cell morphology of Parental FR(2) hybrid cells(left) Morphology changes in 
somatic cell hybrids FR(2) due to the overexpression of Prrxl (right). Prrx 1 overexpressed 
FR(2) clones had a spindle-shaped morphology which more closely resembled the parental 
fibroblast (RAT-2) cel l .  
Figure 1 7. Morphology changes due to  Snai2 overexpression. FR(2) hybrid cells (left) are 
compared to FR(2 cells overexpressing Snai2 (right) Snai2 overexpressed FR(2) clones had a 
spindle-shaped morphology which more closely resembled the parental fibroblast (RAT-2) cell . 
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mostly fibroblasts . A hallmark assay for the fibroblasts is the migration assay. Hence, we used a 
chemotaxis based cell migration assay to differentiate migration behavior between hybrid, 
hepatoma, fibroblasts, and Snai2 or Prrx 1 overexpressed FR(2) hybrids in order to assess if 
engineered expression of select lineage specific TFs in the FR(2) clones partially reverted back 
their fibroblast phenotype .  FR hybrid clones that showed an overexpression of Prrx 1 (by � 1 5  fold) 
and Snai2 (by � 1 1  fold) respectively showed enhanced migratory capabilities compared to the 
parental hybrids FR(2) cells ( fig. 1 8) .  Migration capability of all cell lines was expressed in terms 
of percent and compared with the 1 00% control well (50,000 cells /well) .  
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Figure 1 8. Difference in cell migration capabilities in hepatoma (FT02B), fibroblast (RA T2), FR(2) somatic 
cell hybrids and Snai2 and Prrx l overexpressed FR(2) clones. 5 0,000 cells in  the control wel ls  was the positive 
control and considered as 1 00% during the Relative Fl uorescence Units (RFU) calculations.  
3 . 1 0. Immunofluorescence Assay of Prrx l Overexpressed FR(2) Clones 
To identify the cellular distribution and differential expression of Prrx 1 protein in the FR(2) 
hybrids and Prrx 1 overexpressed FR(2) clones,  we carried out immunofluorescence staining of 
Prrx 1 in parental FR(2) and Prrx 1 overexpressed FR(2) clones along with DAPI staining. DAPI 
stained the nucleus blue. From the immunofluorescence assay, it was observed (fig. 1 9) that there 
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was an increase in expression of Prrx 1 (stained in red by Alexafluor 64 7 dye-conjugated secondary 
antibody) in the nuclear and perinuclear regions of the Prrx l overexpressed FR(2) clones as 
compared to parental FR(2) hybrid cells .  
Figures 1 9.a) Immunofluorescence pictures of DAPI and Prrxl staining in FR(2) cells (b)  I ncreased nuclear 
Prrxl localization (in red) along with DAPJ in Prrx l overexpressed FR(2) clones. Figure scale l OOum. Prrx I 





Gene silencing is a complex phenomenon that occurs during cell differentiation and organogenesis .  
It requires an orchestrated effort by transcription factors, histone modifications, chromatin 
regulation, non-coding RNAs and splicing factors to regulate gene expression. Among all the 
regulatory processes modulating gene expression, regulation of transcription by TFs is a critical 
step towards gene expression as well as repression or silencing. In the present study, potential 
master regulators of fibroblast cell fate (fibroblast-specific TFs) and fibroblast-specific 
downstream targets were identified from whole genome microarray data , based on their decrease 
in fold expression in hepatoma and hybrids when compared with fold expression in parental 
fibroblast cel ls .  S ince TFs are critically important in control ling the expression/silencing of several 
target genes ,  they play a pivotal role in determining the identity of a certain cell type. It is quite 
likely that the repression of fibroblast l ineage specific key regulatory TFs in the somatic hybrids 
led to the silencing of other fibroblast-specific downstream targets in our study. 
4. 1 .  Transcriptional Regulatory Networks in Fibroblasts 
We identified 1 7  candidate genes (table 4 , 5) that were upregulated in expression in fibroblasts 
compared to hepatoma cells and repressed in expression in somatic hybrids based on microarray 
data analysis .  These included transcription factors (Prrx l ,  Shox2 , Snai2 , c-Fos, Twist l ,  and Hox­
D l O) ,  signaling proteins (Bmp3 , Edg2 , Opn/Spp l ,  Sema3a) and structural proteins (Col l a l ,  Fbn2 
etc) .  Expression of some of these candidate genes (Prrx l ,  Snai2 , Shox2 , Twist, cFos, Sema3a, 
Opn, Bmp3 and Col l a l )  were further validated by q-RT-PCR. As expected, the results showed 
high levels of expression of these genes in fibroblasts and low levels of expression in the somatic 
hybrids. Paired related homeobox protein (Prrx 1 /Prx 1 / Pmx 1 ) ,  is  a homeobox TF that is decreased 
4 1  
in expression by -6 fold in somatic hybrids when compared to parental fibroblasts (RA T-2) cells 
( qRT-PCR data) .  Ectopic expression of Prrx 1 in somatic cell hybrids increases the expression of 
other TFs like Shox2 , Snai2 , c-Fos and Twist I (fig. 1 4) .  Snai2 (slug) , is a member of the Snail 
family of zinc finger transcriptional regulators which when overexpressed in somatic hybrid FR(2) 
affects activation of other TFs l ike c-Fos, Twist, Prrx 1 and Shox2 significantly (fig. 1 5) .  The 
Shox2 gene is a member of the homeobox family of transcription factors . Shox2 expression is 
enriched in fibroblasts while its fold expression is decreased in hybrids by - 4 fold. Individual 
overexpression of Prrx 1 and Snai2 in somatic cell hybrids FR(2) led to -2 1 and - 1 5  fold respective 
increase in expression of Shox2 in FR(2) cel ls thus demonstrating the abi lity of TFs Prrx 1 and 
Snai2 to co-influence the expression of other TF members of the fibroblast transcriptional 
regulatory network. A member of the Twist family of basic helix-loop-helix transcription factors, 
Twist l is a known mediator of mesodermal tissue development [66) . c-Fos, is a TF with a leucine 
zipper motif that heterodimerizes with members of the Jun family to form the Activator Protein 
(AP- 1 )  TF. Both c-Fos and Twist ! are substantially upregulated by individual overexpression of 
Prrx l and Snai2 . c-Fos expression increases by -24 and -2 1 fold respectively by the individual 
over expression of Prrx l and Snai2 in the somatic cell  hybrids .  Twist I expression increases by 
-20 and - 1 2  fold respectively by the individual over expression of Prrx l and Snai2 in the somatic 
cell hybrids . 
Taken together, we find that overexpression of key regulatory TFs (Prrx 1 and Snai2 in our 
study) in FR(2) hybrids results in an increase in expression of other fibroblast-enriched TFs thus 
emphasizing the fact that these TFs are highly interconnected and are a part of the fibroblast 
l ineage specific transcriptional regulatory circuitry that protect the fibroblast cells from undergoing 
aberrant cellular reprogramming [67) . 
42 
4.2.  Role of Fibroblast-specific TFs in Cell Migration 
Cell migration is a fundamental cellular process for normal development and homeostasis of tissue 
and organ. Fibroblasts are specialized cells that are able to actively migrate within tissues by 
forming lamellipodia. Overexpressing fibroblast- specific TFs Prrx 1 and Snai2 (by � 1 5  fold and� 
1 1  fold respectively) ectopically in the somatic cell hybrids, conducting a migration assay of the 
Prrx 1 and Snai2 overexpressed FR(2) clones ,  and analyzing the cell migration behavior showed 
us that the Prrx and Snai2 overexpressed FR(2) clones had enhanced migratory capabilities 
compared to the hybrid FR(2) .  
4 .3 .  Clinical Relevance of This Study 
Our study helps elucidate a fibroblast-specific Transcriptional Regulatory Network (TRN) 
comprising several experimentally identified TFs. We were successful in confirming the functional 
role of two such TFs, namely Prrx 1 and Snai2 in fibroblasts . They appear to do so through 
coordinate regulation of a fibroblast-specific transcriptional circuitry. This is supported by the fact 
that engineered re-expression of either Prrx 1 or Snai2 in the (hepatoma x fibroblast) hybrid cells 
was not only successful in restoring fibroblast morphology and migratory capacity but appeared 
to do so through the upregulation of the same set of TF genes, including one another. Further work 
is required to understand the gene regulatory mechanism by which single members of this TRN 
are exerting such profound transcriptional and functional effects . 
An improved understanding of fibroblast-specific TFs and their interdependent regulation 
in the context of the hepatic environment is crucial to expand our knowledge of the pathogenesis 
of l iver fibrosis i . e .  cirrhosis .  It i s  widely believed that the precursor cell in the liver responsible 
for hepatic fibrosis is the hepatic stellate cell (HSC).  HSCs are the hepatic equivalent of fibroblasts . 
The process of hepatic fibrosis is triggered in response to various stimuli (e .g .  viral infections, 
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alcohol consumption, hepato-toxic agents) that convert 'quiescent ' HSCs to ' activated'  HSCs .  
Recent reports have implicated one of the TFs that we have identified in  our study, namely Prrx l ,  
as playing a critical role in hepatic fibrosis [68) . Additionally, Prrx l promotes transcription and 
expression of type I collagen and in the development of l iver fibrosis .  S ince Prrx 1 is dramatically 
upregulated in fibrotic liver and not quite so in normal l iver cells, and is a putative determinant of 
the fibroblast phenotype, a comprehensive understanding of the molecular derangements in the 
transcriptional regulatory network underlying hepatic fibrosis is mandatory. It is tempting to 
speculate whether TF members of the fibroblast-specific transcription regulatory circuitry that we 
have identified in our study play a coordinated a role along with Prrx l in the molecular 
pathogenesis of cirrhosis . Future study in this regard may provide tremendous insight to design 
rational targeted therapy for the same. 
4.4. GSEA Analysis 
It is quite likely that all otherwise functionally significant transcription factors TFs cannot be 
identified via large fold expressions changes alone . Fold expression changes of many important 
cell  l ineage specific TFs that exert far reaching impact on target genes could be a modest (< 5 fold) 
change . We therefore can pursue an adjunctive approach to identify additional fibroblast-specific 
transcription factors that may be potentially significant despite their lower fold expression changes 
in somatic hybrids .  Applying Gene Set Enrichment Analysis (GSEA), a computational prediction 
program that helps predict putative TFs by virtue of the TF binding motifs being present on the 
promoter sequences of the downstream target genes we could come up with more fibroblast l ineage 
specific TF hits that did not make our assigned cutoff threshold analysis or are not represented in 
our microarray platform. 
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4.5. Future Goals 
In the present study we have identified a l ist of putative targets that are fibroblast-specific. To 
confirm that these putative candidates are indeed fibroblast l ineage specific we need to overexpress 
the key regulatory TFs in embryonic stem cells (ESCs) and ascertain if these TFs indeed regulate 
transformation of ESCs to a differentiated fibroblast cell type .  In order to elucidate fibroblast­
specific transcriptional regulatory circuitry and their down- stream targets, it will be interesting to 
perform chromatin immunoprecipitation sequencing (ChIP Seq) experiments to understand and 
distinguish direct and indirect transcriptional targets of these TFs . This data would help us identify 
in vivo DNA-binding sites for downstream pathway proteins and provide a snapshot of the 
influence of these key TFs on the transcriptional activation/repression of interconnected TFs and 
other fibroblast-specific downstream targets . 
4.6. Conclusions 
Taken together this study suggests that ( 1 )  gene extinction phenomenon in mammalian somatic 
cell hybrids is bidirectional (both fibroblast and hepatoma-specific gene expression are affected) , 
(2) whole genome microarray analysis and somatic cell hybrids are a powerful tool to identify 
several fibroblast associated transcription factors and downstream targets which likely play a 
critical role in determining fibroblast cell l ineage and resist aberrant cellular reprogramming and 
trans differentiation, (3)  l ineage specific TFs in fibroblasts are highly interconnected and this 
transcriptional regulatory circuitry likely control and maintain fibroblast l ineage, (4) elucidating 
the regulatory mechanisms of these fibroblast lineage specific TFs will help us better understand 
their contribution in fibroblast-related pathophysiologic conditions such as l iver fibrosis, 
idiopathic pulmonary fibrosis and wound healing. 
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